The ordered PbTe/Pb quasi-one-dimensional nanowires array was electrodeposited on the SiO 2 / Si substrate. There are two essential factors for the formation of such kind of change in nanowire morphology and structure. One is the charges distribution at the tips of electrodeposit, the other one is the change in ion concentration in front of growth tip. We research the current versus bias voltage characteristics of single PbTe/Pb nanowire by four-probe scanning tunneling microscopy system.
The synthesis and characterization of semiconductor nanostructures have been extensively investigated because of their importance in fundamental research and in the fabrication of nanoscale devices. 1 Especially, one-dimensional ͑1D͒ semiconductor nanostructures provide a good system to investigate the dependence of transport or mechanical properties on dimensionality and size reduction. 2 Although 1D nanostructures can be fabricated using a number of advanced techniques, the cost is usually quite high. 3 Lead telluride is an important IV-VI semiconductor which is widely used in infrared detectors 4 and thermoelectrics. 5 Many functional structure materials based on lead telluride have been fabricated and displayed many new characters. 6 There were various methods for synthesizing lead chalcogenide nanowires, including self-assembly, 7 electrochemical deposition, 8 and chemical vapor transport approach. 5 Among these techniques, electrodeposition is unique because the driving force of reaction is precisely known and controllable. 9 In this letter, we demonstrate the synthesis of PbTe/Pb quasi-one-dimensional nanostructure arrays by electrodeposition in ultrathin electrolyte layer on a SiO 2 / Si substrate. We detailedly explain the formation mechanism of the unique morphology and structure in the process of electrodeposition. We also compare the resistance change in the single nanowire with different PbTe content and the influence of annealing process.
The PbTe/Pb quasi-one-dimensional parallel array is prepared on a SiO 2 / Si substrate by an electrochemical cell, which consists of a piece of SiO 2 / Si substrate and a clean cover glass plate. The setup for the electrodeposition is shown schematically in Fig. 1͑a͒ . The experimental details are given in Ref. 11 .
The morphology of product was examined using field emission scanning electron microscopy ͑SEM, JSM-6700F͒ and the optical microscopy ͑Leica͒. The large area and ordered nanowire array was showed in Figs. 1͑c͒ and 1͑d͒. In the array, every nanowire was composed of periodic growth parts with changed diameter, and the length of nanowire could reach a few hundred microns. The length of every growth period was about 3 m. The structure characterization of product was given in Ref. 11. In the electrodeposition process, the charges distribution at the tips of electrodeposit determined the morphology of nanomaterial.
10 When the applied voltage is 0.4 V, the tip morphology corresponded to the wider part of nanowires, as seen in Figs. 2͑a͒ and 2͑b͒. After that, the applied voltage becomes 0.8 V, which would bring the changes of two main factors. On the one hand, the increase in potential would change the distribution of charges at the tips of nanowires. To the ordered nanowires array, the charges at every nanowire tip would suffer the excluded forces from the tip charges of contiguous nanowires. The suddenly increased charges would strengthen the mutual excluded forces, which would lead that the tip charges of all wires are further concentrated in the forefront of tips and the electric field lines become dense immediately. Thus, the nucleation region starts to shrink and the migrating cations would be mainly deoxidized on the forefront of growth tip. On the other hand, the increase in potential could quicken the deoxidized veloca͒ Author to whom correspondence should be addressed. Electronic mail: zhangmz@jlu.edu.cn. Tel.: 086-0431-85166089. ity of cations. As the variation in ion concentration near the growth front always lags behind the change in potential on the cathode. 10 Although the potential have increased, the ion concentration near the tip of nanowires is still kept in the state correspond to the lower potential value. The moment concentration was deficient to the increased potential value and the cation near the tip of nanowires is almost exhausted immediately. In order to gain the plenitudinous cation, the depletion region of cation in front of tips begins to expand and the forward velocity of nanowires increase in electrolyte. The cation concentration is deficient in the growth process, which also could reduce the width of nanowires. The two main factors brought by the increased potential in the growth process not only reduce the width of nanowires, as seen in Fig. 2͑c͒ , but also quicken the growth velocity of nanowires.
When the potential becomes low again, the diameter of nanowires would change wide. The distribution of electric field lines and the change in ion concentration are exactly opposite to the states that the potential is high. The charges at the tips of nanowires would suffer weak excluded forces from the tips of contiguous nanowires, so the concentrated charges on the forefront of nanowires would disperse to the whole front of nanowires. The front electric field lines would become dispersive and the nucleation region of cations would expand gradually in the front of nanowires. Another factor is the change in ion concentration. When the potential changed low, a large number of cations that brought by the high potential still remain the transport state with the help of electromigration and ion diffusion. So the cations are superfluous to the low potential near the growth front and the nucleation region gradually starts to expand at the tips of nanowire. The rapid potential change from high to low would decelerate the deoxidized velocity of cations immediately and slow the growth velocity of nanowires. The two factors induce the nanowires to widen in the diameter, as seen in Fig. 2͑d͒ . The whole growth process had been recorded by using a CCD and could be observed clearly ͑Ref. 11͒. Figure 3 shows the high-resolution transmission electron microscopy ͑HRTEM͒ images at different parts of the PbTe/Pb nanostructure. Figure 3͑a͒ indicates nanoparticles are composed of element lead at the node part. Figure 3͑b͒ shows that there are two kinds of crystal grains at the thin location of nanostructure material, Pb and PbTe. The HR-TEM image between the wide and the thin parts ͓Fig. 3͑c͔͒ shows that the PbTe layer is obvious but not complete in the area. As the different ions correspond to the different reduction potentials in the process of electrodeposition, the changes of potential and HTeO 2 + concentration near the growth tip are the main factors fabricating the unique nanostructure. When the applied voltage is 0.4 V, both Pb 2+ cations and HTeO 2 + cations would be migrated to the front of the nanowires. As the reduction potential is lower, only Pb 2+ could be deoxidized at the tip and the HTeO 2 + cations would not be consumed. During the Pb 2+ was deoxidized to metal Pb, the HTeO 2 + concentration starts to increase in front of growth tip. After 0.5 s, the applied voltage becomes 0.8 V and the HTeO 2 + cations could be deoxidized. As the HTeO 2 + concentration is relatively high, the PbTe layer is first fabricated ͓as seen in Fig. 3͑b͔͒ and the accumulative HTeO 2 + cations are consumed massively. With the reaction proceeding, HTeO 2 + concentration gradually decrease and only partly PbTe grains are deoxidized. Thus, the PbTe grains and metal Pb are concomitant at the remaining part, as seen in Fig. 3͑c͒ .
In order to explore the effect of the structures and components of PbTe/Pb nanowires on their electronic transport properties, two kinds of PbTe/Pb nanowires were electrodeposited in the two different electrolytes with 0.001 M and 0.005 M HTeO 2 + , respectively. The electrical measurements are performed by a ultrahigh vacuum four-probe scanning tunneling microscopy ͑4P-STM͒ system, 12 in which four independent tungsten ͑W͒ tips are used as the electrodes. Fig-FIG. 2 . ͓͑a͒ and ͑b͔͒ Schematic showing the correspondence relation between the applied voltage and the morphology of electrodeposits. The growth process in a period includes the two following parts: ͑c͒ the width of the electrodeposit change thin from wide and ͑d͒ the width of the electrodeposit change wide from thin.
FIG. 3. HRTEM of electrodeposit at different locations.
͑a͒ HRTEM image at the wide part of electrodeposit shows lattice fringes spaced by 2.48 and 1.75 Å, corresponding to Pb ͑111͒ and ͑220͒ lattice-planes, respectively. ͑b͒ HRTEM image at the thin part of electrodeposit shows three groups of lattice fringes corresponding to the PbTe ͑200͒, PbTe ͑220͒, and Pb ͑111͒ lattice-planes. ͑c͒ HRTEM image at the transition zone from wide to thin part shows lattice fringes spaced by 3.2 and 2.87 Å corresponding to PbTe ͑200͒ and Pb ͑111͒ lattice-planes, respectively.
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Zong et al. Fig. 4͑b͒ . The measured profile of atomic force microscope shows the thickness of nanowire is about 300 nm. All of the I-V curves are linear under a high bias voltage. At 300 K, the resistivity of PbTe/Pb nanowires corresponding to 0.001 M HTeO 2 + is calculated to be 318 n⍀ m, which is slightly higher than the value of metal Pb. The result indicates the PbTe layer is incomplete and the charge transport of nanowires is mainly kept in metal region. The resistivity of PbTe/Pb nanowires corresponding to 0.005 M HTeO 2 + is 1062 n⍀ m, which means the conductance of nanowires decrease with the increase in PbTe content. In order to improve the crystallinity and reduce defect density, the single nanowire is annealed at 750 K for 30 min. It is demonstrated that after the annealing the resistivity of the nanowire corresponding to 0.001 M can increase about one order of magnitude, i.e., from 318 to 3816 n⍀ m, which could be attributed to the higher crystallinity of PbTe grains in the annealed nanowire.
In conclusion, we have electrodeposited ordered PbTe/Pb quasi-one-dimensional nanowires array. The recurrent node structures and component gradient are attributed to the fluctuation of charge distribution and ion concentration at the growth ends of electrodeposit when the potential changes. The I-V characteristic of single PbTe/Pb nanowire shows the conductance of nanowires decrease with the increase in PbTe content. The annealing result implies the annealing could favor the construction of microstructure. The large-area and ordered arrays of the peculiar nanostructures may facilitate the fabrication of nanoscale devices. 
